Numerous indigenous bacteria settle in the alimentary tract of animals. To combat the settlement and proliferation of indigenous bacteria, animals are equipped with various non-specific host defenses: physical and chemical elimination from the epithelial cells themselves \[[@r9], [@r10]\], the secretion of several bactericidal substances from the intestinal crypts and other exocrine glands \[[@r29], [@r30]\] and the up-regulation of migration speed of villous columnar epithelial cells \[[@r21]\]. These host defenses are induced by the settlement or hyper-proliferation of bacteria on the mucosal surface \[[@r9], [@r10], [@r21], [@r29]\]. Therefore, the mucosal epithelium of the small intestine has been speculated to possess some receptors for bacterial recognition, such as Toll-like receptors (TLRs) \[[@r9], [@r21]\]. Among the mammalian TLRs, TLR-2, -4 and -9 recognize the peptidoglycan, lipoprotein and lipoteichoic acid, the lipopolysaccharide and the unmethylated CpG sequences in DNA, respectively \[[@r1], [@r12]\]. In our previous study, it was suggested that TLR-2 probably monitors the proliferation of indigenous bacteria throughout the rat small intestine \[[@r15]\].

The induction of inactivation of cytidine deaminase revealed that IgA is also critical for regulation of the bacterial number and composition in the mouse small intestine \[[@r7], [@r25]\]. The immune response of IgA is induced in gut-associated lymphatic tissue (GALT), such as the Peyer's patches \[[@r23], [@r24]\]. The Peyer's patches are a kind of aggregated lymphatic tissue that contains lymphatic follicles covered incompletely by follicle-associated intestinal villi (FAIVs) \[[@r4], [@r19]\]. The lymphatic follicles probably monitor the development of bacterial colonies in the restricted areas around the lymphatic follicle in the rat small intestine \[[@r28]\]. In light of the finding that indigenous bacteria adhere to the follicle-associated epithelium (FAE) of Peyer's patches more frequently than to the epithelia of intestinal villi \[[@r17]\], it has been speculated that the Peyer's patches are equipped with different systems for regulating the settlement of indigenous bacteria from the mucosa with the exception of Peyer's patches in the small intestine. However, the regulation system for indigenous bacteria in the Peyer's patches remains unknown.

Indigenous bacteria on the FAE have been suggested to stimulate active pinocytosis in immature microvillous columnar epithelial cells (MV) and to activate the cellular differentiation of MV into M-cells in the FAE of rat Peyer's patches \[[@r4], [@r18]\]. The active engulfment of bacteria by M-cells has been observed in the FAE of rat Peyer's patches under physiological conditions \[[@r9]\]. Therefore, it has been speculated that the receptors for bacterial recognition, such as TLR, are related to the M-cell differentiation and the bacteria uptake of M-cells in the FAE of Peyer's patches \[[@r9]\]. However, the system for recognition of indigenous bacteria in the FAE has not been clarified either in the absence or presence of bacterial settlement. Therefore, in this study, the characteristics of the expressions of TLR-2, -4 and -9 were immunohistochemically investigated for the first time, comparing among the FAE, the epithelium of the ordinary intestinal villus (IV) and the epithelium of FAIV in rat Peyer's patches with no bacterial colonies on the mucous membranes under physiological conditions.

MATERIALS AND METHODS {#s1}
=====================

*Animals*: Five male and SPF Wistar rats aged 7 weeks that were not littermates (Japan SLC Inc., Hamamatsu, Japan) were maintained in an Individually Ventilated Cage System (Tecniplast Japan, Tokyo, Japan) installed at the Kobe University Life Science Laboratory. They were permitted free access to water and food (Lab R-A2; Japan SLC Inc.). The animal facility was maintained under conditions of a 12 hr light/dark cycle at 23 ± 1°C and 50-60% humidity. Clinical and pathological examinations in all animals confirmed that there were no signs of disorder. This experiment was approved by the Institutional Animal Care and Use Committee (permission number: 25-06-01) and carried out according to the Kobe University Animal Experimentation Regulations.

*Tissue preparation*: After euthanasia with an intraperitoneal injection of 200 mg/kg of pentobarbital sodium (Kyoritsu Seiyaku Corp., Tokyo, Japan), small tissue blocks with Peyer's patches were removed from the ileum. All tissue blocks were immersion-fixed in 4.0% paraformaldehyde fixative in 0.1 M phosphate buffer (pH 7.4) for 24 hr at 4°C and then were snap-frozen in liquid nitrogen with reference to the embedding method described previously \[[@r17]\]. Four-*µ*m-thick sections were cut using a Coldtome HM505E (Carl Zeiss, Jena, Thüringen, Germany) and were placed on slide glasses precoated with 2% 3-aminopropyltriethoxysilane (Shin-Etsu Chemical Co., Tokyo, Japan) and stored at −30°C until use.

*Immunohistochemistry*: Detection of antigens was conducted using the indirect method of enzyme immunohistochemistry. After three rinsing with 0.05% Tween-added 0.1 M phosphate buffered saline (TPBS; pH 7.4), the sections were immersed in absolute methanol and 0.5% H~2~O~2~ for 30 min. The sections were rinsed three times in TPBS after each preparation step to remove any reagent residues. Following blocking with Blocking One Histo (Nacalai Tesque Inc., Kyoto, Japan) for 1 hr at room temperature, the sections were reacted with anti- TLR-2 (D-17), TLR-4 (M-16) or TLR-9 (N-15) goat IgG (diluted at 1:100; Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.) for 18 hr at 6°C. The antibody specificities for rat TLR-2, -4 and -9 are described in the manufacturer's specification form (TLR-2, sc-12504; TLR-4, sc-12511; and TLR-9, sc-13215). Then, the sections were incubated with horseradish peroxidase-conjugated anti-goat IgG mouse IgG (AP186P) (diluted at 1:200; Chemicon International Inc., Billerica, MA, U.S.A.) for 1 hr at room temperature. Finally, the sections were reacted with 3, 3′-diaminobenzidine (Dojindo Laboratories, Mashiki, Japan) containing 0.03% H~2~O~2~ and were counterstained with hematoxylin. Control sections were incubated with TPBS or non-immunized goat IgG instead of the primary antibody.

*Definition of tissue elements*: Sections from each tissue block were stained with hematoxylin-eosin for observation of the general structure. FAIV were further divided into two portions: the follicular side of FAIV (f-FAIV) and the anti-follicular side of FAIV (af-FAIV). IV, FAIV and lymphatic follicle were divided into three portions: the basal, middle and apical portions. The intestinal crypts situated between lymphatic follicle and FAIV were named the follicle-associated intestinal crypts (FAIC) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Diagram of a part of a region of rat Peyer's patch. The dotted line represents an axis of the follicle-associated intestinal villus (FAIV). af-FAIV, anti-follicular side of FAIV; DA, dome area; FAE, follicle-associated epithelium FAIC, follicle-associated intestinal crypt; f-FAIV, follicular side of FAIV; IC, ordinary intestinal crypt; IV, ordinary intestinal villus; LF, lymphatic follicle.).

*Histoplanimetry*: Five IVs, FAIVs and lymphatic follicles whose central axes were longitudinally cut and with no bacterial colonies on the mucous membranes were randomly chosen from 5 rats.

The ratios of the numbers of MV, M-cells and goblet cells to the number of total epithelial cells were calculated in the epithelia of IV, af-FAIV, f-FAIV and lymphatic follicle. The means were calculated from 5 rats.

The ratios of the numbers of TLR-2^+^, -4^+^ or -9^+^ MV and M-cells to the number of total epithelial cells were also calculated in the epithelia of IV, af-FAIV, f-FAIV and lymphatic follicle. The means were calculated from 5 rats.

The data are presented as means ± standard deviations (SDs).

*Statistical analysis*: For the comparison of the relative frequency of TLR-2^+^, -4^+^ or -9^+^ MV and M-cells among the epithelia of IV, af-FAIV, f-FAIV and lymphatic follicle, the normality of distribution was first assessed by the Kolmogorov-Smirnov test. For parametric variables, one way ANOVA was performed, and then, the Tukey-Kramer test was performed for post hoc comparison. For non-parametric variables, the Kruskal-Wallis test was performed, and then, the Steel-Dwass test was performed for post hoc comparison. *P* values less than 0.05 were considered statistically significant.

RESULTS {#s2}
=======

*General histology*: Epithelia of IV, af-FAIV and f-FAIV consisted mainly of MV and goblet cells, whereas FAE contained M-cells in addition to MV and goblet cells. The composition of epithelial cells in the FAE differed from that in the epithelia of intestinal villi, because of the scarcity of goblet cells in the former. On the other hand, the three types of intestinal villi, IV, af-FAIV and f-FAIV, possessed approximately the same composition of epithelial cells ([Table 1](#tbl_001){ref-type="table"}Table 1.The cellular composition of FAE and epithelium of IV, af-FAIV and f-FAIVIVaf-FAIVf-FAIVFAEmicrovillous columnar epithelial cell (%)84.4 ± 4.478.3 ± 3.073.0 ± 5.766.9 ± 2.8goblet cell (%)15.6 ± 4.421.7 ± 3.027.0 ± 5.73.9 ± 1.6M-cell (%)00029.2 ± 2.1af-FAIV, anti-follicular side of FAIV; FAE, follicle-associated epithelium; FAIV, follicle-associated intestinal villus; f-FAIV, follicular side of FAIV; IV, ordinary intestinal villus.).

Ordinary intestinal crypts (IC) and FAIC mainly consisted of MV, goblet cells and Paneth cells. Goblet cells and Paneth cells frequently existed in the IC and af-FAIC, but were rare in the f-FAIC.

*Expressions of TLR-2, -4 and -9 in IV and FAIV*: The striated borders of MV in IV, af-FAIV and f-FAIV were immunopositive for TLR-2, but MV in the apical portions of IV, af-FAIV and f-FAIV were occasionally negative for TLR-2. The intensity of immunopositivity for TLR-2 in the striated borders of MV was weak in the basal portions, but strong in the middle and apical portions of IV, af-FAIV and f-FAIV, except for their apices. The intensity of immunopositivity for TLR-2 was weaker in the almost all of MV of f-FAIV than in the MV of IV and af-FAIV ([Fig. 2a and 2b](#fig_002){ref-type="fig"}Fig. 2.Immunopositivity for TLR-2 is seen in the striated borders of microvillous columnar epithelial cells in the ordinary intestinal villus (IV) (a) and follicle-associated intestinal villus (FAIV) (b). TLR-2-immunopositivity in the striated borders of the follicular side of FAIV (f-FAIV) is weaker than in the epithelia of IV (a) and anti-follicular side of FAIV (af-FAIV) (b). Immunonegativity for TLR-2 is seen in the striated borders of microvillous columnar epithelial cells in the follicle-associated epithelium (FAE) (b), and immunopositivity is seen in the roofs of M-cells in the FAE (c, high-magnification image of an M-cell (arrow) showed in b). The microvillous columnar epithelial cells (arrowhead) in the vicinity of M-cells in the FAE (c) are negative for TLR-2. Asterisks indicate nuclei of migrating cells in the typical pocket of a TLR-2-immunopositive M-cell (arrow) (c). The dotted line in (b) represents an axis of FAIV. DA, dome area. Bar=10 *µ*m.). The relative frequency of TLR-2^+^ MV was significantly less in f-FAIV than in IV and af-FAIV ([Fig. 6a](#fig_006){ref-type="fig"}Fig. 6.Relative frequency of TLR-2^+^ (a), -4^+^ (b) or -9^+^ (c) microvillous columnar epithelial cells (MV, gray columns) in the follicle-associated epithelium (FAE) and the epithelia of the ordinary intestinal villus (IV), anti-follicular side of the follicle-associated intestinal villus (af-FAIV) and follicular side of the follicle-associated intestinal villus (f-FAIV) and TLR-2^+^ (a), -4^+^ (b) or -9^+^ (c) M-cells (M, dark gray columns) in the FAE. Asterisks, *P*\<0.05. Double asterisks, *P*\<0.01. Each value represents the mean ± SD.). The secretory granules of goblet cells were rarely TLR-2-immunopositive, but the apical membranes of goblet cells were TLR-2-immunonegative in IV, af-FAIV and f-FAIV.

The striated borders of almost all of MV in IV, af-FAIV and f-FAIV were negative for TLR-4 and -9, although both receptors were occasionally detected only in MV in the apical portions of IV, af-FAIV and f-FAIV ([Figs. 3a, 3b](#fig_003){ref-type="fig"}Fig. 3.The striated borders of microvillous columnar epithelial cells in the ordinary intestinal villus (IV) (a), follicle-associated intestinal villus (FAIV) and follicle-associated epithelium (FAE) (b) are immunonegative for TLR-4, and the roofs of M-cells in the FAE (c, high-magnification image of an M-cell (arrow) shown in (b)) are immunopositive for TLR-4. The microvillous columnar epithelial cells (arrowheads) in the vicinity of M-cells in the FAE are immunonegative for TLR-4 (c). Asterisks indicate nuclei of migrating cells in a typical pocket of a TLR-4-immunopositive M-cell (arrow) (c). The dotted line in (b) represents an axis of FAIV. DA, dome area. Bar=10 *µ*m., [4a and 4b](#fig_004){ref-type="fig"}Fig. 4.The striated borders of microvillous columnar epithelial cells in the ordinary intestinal villus (IV) (a), follicle-associated intestinal villus (FAIV) and follicle-associated epithelium (FAE) (b) are immunonegative for TLR-9, and the roofs of M-cells in the FAE (c, high-magnification image of M-cells (arrows) shown in (b)) are immunopositive for TLR-9. The microvillous columnar epithelial cells (arrowheads) in the vicinity of M-cells in the FAE (c) are immunonegative for TLR-9. Asterisks indicate the nuclei of migrating cells in the typical pockets of TLR-9-immunopositive M-cells (arrows) (c). The dotted line in (b) represents an axis of FAIV. DA, dome area. Bar=10 *µ*m.). Goblet cells of IV, f-FAIV and af-FAIV were immunonegative for TLR-4 and -9.

Cell membranes and cytoplasms of intraepithelial migrating cells were negative for TLR-2, -4 and -9 in IV, af-FAIV and f-FAIV, whereas those in the lamina propria were rarely immunopositive for TLR-2, -4 and -9 in IV and FAIV.

*Expressions of TLR-2, -4 and -9 in lymphatic follicle*: Almost all of MV and goblet cells were negative for TLR-2, -4 and -9, but the roofs of many M-cells throughout FAE were positive for these receptors ([Figs. 2b](#fig_002){ref-type="fig"}, [3b](#fig_003){ref-type="fig"} and [4b](#fig_004){ref-type="fig"}). TLR-2^+^, -4^+^ or -9^+^ M-cells were more frequently located in the FAE of the basal and middle portions of lymphatic follicle than in the FAE of the apical portion of lymphatic follicle ([Figs. 2c](#fig_002){ref-type="fig"}, [3c](#fig_003){ref-type="fig"} and [4c](#fig_004){ref-type="fig"}). No TLR-2^+^, -4^+^ or -9^+^ MV were located in the vicinity of the upstream region of the migration course of M-cells immunopositive for TLR-2, -4 or -9 in the basal portion of FAE ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Localization of TLR-2 (a), -4 (b) and -9 (c) in the basal portions of the follicle-associated epithelium (FAE). Immunopositivity for TLR-2 (a), -4 (b) and -9 (c) can be seen in the roofs of M-cells (arrows) in the basal portions of FAE. No TLR-2^+^ (a), -4^+^ (b) or -9^+^ (c) MV (arrowheads) are located in the upstream region of migration course of M-cells immunopositive for TLR-2, -4 or -9 (arrows) in the basal portions of FAE. Asterisks indicate the nuclei of migrating cells in the typical pockets of TLR-2, -4 or -9-immunopositive M-cells (arrows). Bar=10 *µ*m.).

TLR-2^+^ MV and M-cells in the FAE were significantly less frequent than TLR-2^+^ MV in the epithelia of IV, af-FAIV and f-FAIV, whereas TLR-4^+^ and -9^+^ M-cells in the FAE were significantly more frequent than TLR-4^+^ and -9^+^ MV in the epithelia of IV, af-FAIV and f-FAIV, respectively ([Fig. 6](#fig_006){ref-type="fig"}).

*Expressions of TLR-2, -4 and -9 in IC and FAIC*: TLR-2, -4 and -9 were detected in the striated borders of MV, Paneth cells and goblet cells and the luminal substances in IC and FAIC. TLR-2, -4 and -9 were not detected in the cytoplasms of MV. TLR-4 was detected in the secretory granules of some Paneth cells in IC and FAIC, but not in goblet cells ([Fig. 7](#fig_007){ref-type="fig"}Fig. 7.Localization of TLR-2 (a, e), -4 (b, c, f, g) and -9 (d, h) in the ordinary intestinal crypt (a-d) and follicle-associated intestinal crypt (e-h). Immunopositivity for TLR-2 is observed in the luminal substances (arrowhead) and the striated borders (arrow) of microvillous columnar epithelial cells in the ordinary intestinal crypt (a) and the follicle-associated intestinal crypt (e). Immunopositivity for TLR-4 is observed in the luminal substances (arrowhead) and the striated borders (arrow) of microvillous columnar epithelial cells in the ordinary intestinal crypt (b) and the follicle-associated intestinal crypt (f). Some secretory granules are TLR-4-immunopositive (arrows) in Paneth cells of ordinary intestinal crypt (c) and follicle-associated intestinal crypt (g). The luminal substances (arrowhead) and the striated borders (arrow) of microvillous columnar epithelial cells in the ordinary intestinal crypt (d) and the follicle-associated intestinal crypt (h) are immunopositive for TLR-9. Bar=10 *µ*m.). TLR-2 and -9 were not detected in the cytoplasms of Paneth cells and goblet cells. TLR-2^+^ striated borders of epithelial cells and luminal substances were frequent in both IC and FAIC, whereas TLR-4^+^ striated borders of epithelial cells, luminal substances and secretory granules of Paneth cells were frequent in FAIC and rare in IC. TLR-9^+^ striated borders of epithelial cells and luminal substances were rare in IC and FAIC.

No immunopositivity was detected in any of the control sections.

DISCUSSION {#s3}
==========

Indigenous bacteria more frequently adhere to FAE than to epithelia of FAIV and IV \[[@r13], [@r17], [@r20]\]. In the rat small intestine, it is suggested that bacteria proliferating on the mucosal surface are recognized by TLR-2 expressed in MV of IV and that TLR-2-negative MV at the apices of IV probably contribute to the adhesion of indigenous bacteria at the villous apices \[[@r15]\]. In the present study, TLR-2 was detected in the MV in both FAIV and IV, but almost all MV of FAE were negative for TLR-2. Considering the previous finding suggesting that indigenous bacteria adhered more frequently to FAE than to epithelia of FAIV and IV \[[@r17]\], these findings suggest that FAE might provide the circumstances where indigenous bacteria more easily adhere and proliferate before their settlement by the near complete absence of TLR-2 expression. Furthermore, the level of TLR-2 expression in MV was lower in the epithelium of f-FAIV than in the epithelia of IV and af-FAIV. These findings suggest that bacteria in the space between the FAE and the epithelium of f-FAIV might be more difficult for TLR-2-mediated recognition systems to recognize than bacteria in the ordinary intervillous spaces. Considering the previous findings suggesting that Paneth cells are limited numerically on the FAIC \[[@r17]\], the space between FAE and the epithelium of FAIV might provide a better environment for the proliferation of indigenous bacteria than the spaces among IVs.

mRNA of TLR-2, -4 and -9 has been revealed by RT-PCR in MV and M-cells in the FAE of mouse Peyer's patches, and all three mRNAs were expressed more highly in M-cells than MV \[[@r2]\]. Studies using immunohistochemistry have also reported that MV and M-cells in the FAE of mouse Peyer's patches express TLR-2, -4 and -9 \[[@r3], [@r27]\], that MV in the FAE of swine Peyer's patches express TLR-9, and that M-cells in the FAE of swine Peyer's patches express TLR-2 and TLR-9 \[[@r22], [@r26]\]. In addition, TLR-2 expressed in M-cells has been suggested to be involved in the transcytosis of bacterial substances, such as peptidoglycan \[[@r3], [@r26]\]. In the present study, the roofs of many M-cells with typical morphological characteristics were immunopositive for TLR-2, -4 and -9, while almost all MV in the FAE were immunonegative for these receptors, and only TLR-2 was detected in the epithelia of IV and FAIV. These findings suggest that TLR-2, -4 and -9 are expressed in M-cells of rat FAE, that the FAE can recognize a wider variety of bacterial substances via M-cells than the epithelia of IV and FAIV, and that the TLR-2, -4 and -9 expressed in M-cells of rat Peyer's patches contribute to transcytosis of the respective TLR-ligands derived from indigenous bacteria.

Soluble TLRs (sTLR) have been detected in various secretions, including human saliva and blood plasma, and have been suggested to neutralize their ligands \[[@r5], [@r11], [@r14]\]. In addition, immunohistochemical analysis has suggested that sTLR-2, -4 and -9 are secreted from the exocrine glands to the lumen in the alimentary tract, and these receptors probably neutralize luminal TLR-ligands from indigenous bacteria and prevent excessive host defense responses \[[@r16]\]. In the present study, TLR-2, -4 and -9 were immunohistochemically detected in the luminal substances of FAIC as well as IC. These findings suggest that sTLR-2, -4 and -9 from FAIC might prevent excess recognition of TLR-ligands from indigenous bacteria by membranous TLRs expressed in both the FAE and epithelium of f-FAIV and might also contribute to the allowance of bacterial proliferation in the space between FAE and the epithelium of f-FAIV.

The differentiation into M-cells has been suggested to accompany active pinocytosis by immature columnar epithelial cells \[[@r18]\] and to be accelerated by proliferation of the indigenous bacteria on the FAE of rat Peyer's patches \[[@r4]\]. The uptake of latex microspheres, probably mediated by M-cells, into lymphatic follicles of mouse Peyer's patches is increased by co-administration of latex microspheres with several TLR-ligands, such as peptidoglycan and lipopolysaccharide \[[@r3]\]. Based on these reports, it has been speculated that differentiation of M-cells is induced by TLRs. But, in the present study using Peyer's patches with no indigenous bacteria on their FAE, MV, which are the precursor cells of TLR-2^+^, -4^+^ or -9^+^ M-cells, were negative for TLR-2, -4 and -9 in the lower portions of FAE where M-cells appeared most frequently \[[@r4]\]. These findings suggest that TLR-2, -4 and -9 do not participate directly in the acceleration of differentiation into M-cells, at least in the case that no indigenous bacteria exist on the FAE. However, considering that the expression of TLR is altered by stimulation of the TLR-ligands \[[@r6], [@r8]\], TLRs might be expressed in MV of FAE and might be associated with the accelerated differentiation of M-cells in cases in which FAE is exposed to abundant TLR-ligands derived from proliferated indigenous bacteria. Therefore, to conclude whether or not TLRs are involved in the acceleration of M-cell differentiation, we are further investigating the expressions of TLRs in the Peyer's patches with bacterial proliferation on their FAE.
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